Activation of neuronal ATP-sensitive potassium (K ATP ) channels is an important mechanism that protects neurons and conserves neural function during hypoxia. We investigated hypoxia (bath gassed with 95% N 2 /5% CO 2 vs. 95% O 2 /5% CO 2 in control) induced changes in K ATP current in second-order neurons of peripheral chemoreceptors in the nucleus of the solitary tract (NTS). Hypoxia-induced K ATP currents were compared between normoxic rats (NORM), rats exposed to one week of either chronic sustained 
INTRODUCTION
Arterial peripheral chemoreflex pathways mediate many of the physiological responses to hypoxia (e.g. sympathoexcitation, increased ventilation). Neurons in the nucleus of the solitary tract (NTS) receive the first central projections from arterial chemoreceptors located in the carotid bodies. NTS neurons receiving these excitatory afferent inputs then activate other central neural structures mediating the integrated response to hypoxia (27) .
Arterial hypoxemia can result in tissue hypoxia in brain structures. Tissue hypoxia disrupts synaptic transmission and causes neural dysfunction (5, 6, 7, 29, 33) . Without proper neuroprotective mechanisms, tissue hypoxia could have detrimental effects on central neurons and impair the physiological response to hypoxia.
Various mechanisms exist to protect the neuron and conserve essential neural functions during tissue hypoxia. One such protective mechanism is the activation of ATP-sensitive potassium (K ATP ) channels (5, 7, 33) . The K ATP channel is a hetero-octamer composed of two subunits: the pore-forming subunits (Kir6.1 and Kir6.2) and the regulatory sulfonylurea receptor subunits (SUR1 and SUR2) (1) . Kir6.x subunits belong to the inwardly rectifier potassium channel family, while SUR subunits belong to the ATPbinding cassette protein superfamily. K ATP channels were first identified in the heart and have been extensively studied in both cardiac myocytes and pancreatic β-cells (2, 9, 24) .
Metabolic stress such as hypoxia, ischemia, or hypoglycemia leads to the depletion of intracellular ATP and activation of K ATP channels. Thus membrane potential and excitability can be modulated by the metabolic state of the cell. In pancreatic β-cells, the increase in ATP concentration due to increased glucose metabolism closes the K ATP channels (9) . This depolarizes the β-cell membrane leading to the opening of the voltagedependent calcium channels, calcium influx and exocytosis of insulin.
K ATP channels are also found in brain. Neuronal K ATP channels also consist of the Kir6.x potassium channel subunits and the sulphonylurea receptor subunits (1, 2, 29) . Activation of this potassium channel during depletion of ATP hyperpolarizes the neuron membrane, reducing neuronal excitability and ATP consumption. Activation of neuronal K ATP channels is thought to play a neuroprotective role during tissue hypoxia or ischemia.
However, it has been suggested that excessive channel activation could silence neurons (19). It is crucial to keep a certain level of neuronal excitability in neurons involved in chemoreflex pathways so that changes in cardiorespiratory function can continue to be evoked to supply oxygen to vital organs. So far there is no information about the behavior of K ATP channels activated by hypoxia in NTS neurons receiving peripheral chemoreceptor inputs.
Many pathological conditions are associated with chronic hypoxia. Patients with chronic heart and pulmonary disease or travel to high altitude can experience chronic sustained hypoxia (CSH), while sleep apnea patients experience chronic intermittent hypoxia (CIH).
Both types of exposure to chronic sustained and intermittent hypoxia cause significant changes in the neural control of cardiorespiratory function including persistent sympathoexcitation and an enhanced ventilatory response to acute hypoxia (4, 6, 14, 23) .
However, how different types of chronic hypoxia affect the function of central neurons in peripheral chemoreflex pathways is not well characterized. Prolonged tissue hypoxia can also exist in these situations, but the effect of chronic exposures to hypoxia on neuronal K ATP channels in NTS neurons is unknown.
We investigated the function of neuronal K ATP channels in NTS neurons receiving monosynaptic inputs from the carotid body chemoreceptors. Using whole cell patch clamp recording in an in vitro brainstem slice preparation, we studied the activity of K ATP channels in response to hypoxia in NTS neurons collected from normal control (NORM), CSH, and CIH rats. Our results demonstrate the presence of K ATP channels in secondorder NTS neurons and found that exposures to either CSH or CIH reduce the function and level of neuronal K ATP channels in the NTS.
METHODS
All experimental protocols were approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center at San Antonio.
Surgical preparation for labeling carotid body. Male Sprague-Dawley rats (125-145 g, Charles River Laboratories, Wilmington, MA) were anaesthetized with a combination of ketamine (75 mg/kg, I.P., Fort Dodge) and medetomidine (0.5 mg/kg, I.P., Pfizer). Using aseptic conditions, crystals of anterograde fluorescent dye 1,1'-dilinoleyl-3,3,3',3'-tetramethylindocarbocyanine, 4-chlorobenzenesulphonate (DiA) were gently applied unilaterally to the carotid body region. DiA dissolves in the nerve axons and diffuses centrally permitting visualization of chemoreceptor synaptic terminals and neurons receiving these synaptic contacts as previously described (30, 36) . The area was then embedded with silicone adhesive (Kwik-Sil, WPI, Sarasota, FL). Anesthesia was terminated by atipamezole (1 mg/kg I.P., Pfizer) at the conclusion of the surgical procedures. Post-operative analgesics (nubaine, I.M.) were available as needed.
Chronic sustained hypoxia exposure. Rats in CSH group were housed in their home cages within a normobaric hypoxia chamber at oxygen levels of 10 ± 0.5% for 7 days as described previously (20, 21, 30) . The air within the chamber was recycled and the oxygen level controlled by a computer-driven set of valves and pumps. A hypoxic environment was achieved by the addition of nitrogen gas to room air. Oxygen levels within the chamber were monitored with an electrochemical sensor and this information fed into the computer-driven feedback circuit so that deviations in the oxygen level from the preset value of 10% were rapidly corrected by adding appropriate gas. Temperature and humidity were monitored, and the recycled air was passed through a desiccant and CO 2 scrubber. Rats were taken out of the sustained hypoxia chamber immediately before decapitation. Normal control rats (NORM) were maintained in a similar environment while breathing room air.
Chronic intermittent hypoxia exposure. CIH rats were housed in hypoxia chambers with ad libitum food and water access as previously described (11, 18) . Over a 3 min period, chambers were flushed with 100% N 2 until a fractional O 2 concentration of 10±1% reached and maintained for about 75 sec. After that, the chambers were flushed with room air (21% O 2 ) for 3 min. Exposures to CIH occurred during the light period (08:00-16:00) for 7 days. The animals were not exposed to CIH during the remainder of the light period (16:00-21:00) and during the dark period (21:00-07:00). NORM rats were kept in the same types of chambers as CIH-exposed rats, and gas switching occurred on the same time frame as in CIH-exposed rats. However, in NORM rats, gas switching was between sources of room air so that NORM rats always inspired room air (21% O 2 ). For wholecell recording experiments, CIH rats were taken out of intermittent hypoxia chamber in the morning following the 7 th and last day of exposure and were therefore decapitated 14-18 hours after the last exposure to intermittent hypoxia. Whole-cell currents were filtered at 2 kHz, digitized at 10 kHz with the DigiData 1200
Interface (Axon Instruments) and stored in a PC computer for offline analysis. All experiments were performed at room temperature.
Whole-cell voltage-clamp recordings were performed on second-order NTS peripheral chemoreceptor neurons labeled with fluorescent DiA as previously described (11,30, In all patch clamp experiments, the bath solution included sodium channel blocker TTX
(1 µM), non-NMDA receptor antagonist CNQX (10 µM), and GABA A receptor antagonist gabazine (25 µM).
Slices were exposed to hypoxia by switching the bath solution from aCSF continuously bubbled with 95% O 2 /5% CO 2 to aCSF continuously bubbled with 95% N 2 /5% CO 2 . The pH in both solutions was frequently monitored and kept stable during the course of the experiment. In a similarly gassed brain slice preparation, superfusion with an anoxic aCSF solution lowered the partial pressure of oxygen within the slice to near zero (31) .
Western blot analysis.
Western blot analysis was performed with modification as previously described (15, 22) . Each rat was anesthetized with isoflurane and decapitated.
The brain was removed from the skull and the brainstem was placed in a commercially available brain matrix (Stoelting). The matrix was used to cut the brain stem into 1 mm thick coronal sections with razor blades. Under a dissecting microscope the caudal NTS was dissected from the sections, placed in microcentrifuge tubes and flash frozen with liquid nitrogen. Next, the caudal NTS was sonicated in 50 µl of modified RIPA-buffer supplemented with protease and phosphatase inhibitors (Sigma) followed by 30 min incubation on ice. The total homogenate was then centrifuged 14,000rpm, 30 min at 4°C.
The total protein for each sample was determined using the Bradford method. 
RESULTS
Hypoxia-induced outward currents in NORM rats. Similar to our previous studies (11, 30, 36) , cells receiving mono-synaptic chemoreceptor afferent inputs were usually spindle or oval shaped. Fluorescent putative boutons were seen along the borders of the soma and proximal processes of these NTS neurons (Fig. 1A) . These neurons had an average resting membrane potential of -55.0±0.8 mV and input resistance of 1.2±0.1 KΩ (n=24).
We initially examined responses to 3 min and 5 min exposures to hypoxia. Both 3 and 5 min exposures to hypoxia elicited a clearly discernable outward current and reduced input resistance in NTS neurons receiving arterial chemoreceptor afferent inputs (Fig. 1B) .
After switching back to normal aCSF, current returned to control levels within 5 min. We did not observe any delayed changes in current indicative of a post-hypoxia depolarization or hyperpolarization in any cells. The 5 min exposure to hypoxia induced significantly greater effects than the 3 min exposure (Fig. 1C) . In 6 neurons, 5 min of hypoxia induced an outward current of 28.9±6.1 pA and reduced input resistance by 68±3%. In 9 neurons, 3 min of hypoxia induced an outward current of 12.7±1.1 pA and reduced input resistance by 57±2%. In subsequent studies, only the 3 min hypoxia exposure was used.
The reversal potential of the hypoxia-induced outward current was -73.1±2.1 mV (n=8)
as determined from I-V curves obtained before and during the response to hypoxia. In our preparation, the calculated junction potential was 15.6 mV, thus the actual calculated There was no statistical difference in either hypoxia-induced responses or diazoxideinduced responses between CIH rats and CSH rats (Figs. 3 & 4) .
Levels of K ATP channel subunits.
Compared to NORM rats (n=4), the levels of the K ATP channel subunits Kir6.1 and Kir6.2 in caudal NTS were significantly reduced in both CSH (n=3) (58±2%, p<0.05 vs. 75±2%, p<0.01) and in CIH (n=4) rats (52±1% and 68±2%, p<0.01). There was no difference in the level of these subunits comparing CSH rats and CIH rats (Fig. 5) . The intensity of the beta-actin bands was similar across all conditions indicating that chronic intermittent and sustained hypoxia did not alter betaactin levels and that sample loading was equal across all lanes.
Responses of non-DiA labeled NTS neurons. To determine if responses to acute hypoxia
were specific to NTS neurons receiving arterial chemoreceptor inputs, we examined the responses of 13 non-DiA labeled NTS neurons from NORM rats to 3 min hypoxia. We selected spindle shaped or oblong neurons of similar size to nearby DiA-labeled neurons.
Unlike DiA labeled second-order neurons, the responses in non-DiA labeled neurons were heterogeneous. In 5/13 neurons, hypoxia induced an inward current that averaged 3.9±1.0 pA. In the remaining 8/13 non-DiA labeled neurons hypoxia induced an outward current that averaged 6.5±2.3 pA, ranging from 0.6 to 19.5 pA. While there was overlap between the amplitudes of hypoxia induced outward current in DiA labeled vs. non-DiA labeled NTS neurons, the mean value for the non-DiA labeled population was significantly less than that observed in DiA labeled NTS neurons (p=.023) In 5 non-DiA labeled NTS neurons from CSH rats, 3 min of hypoxia induced outward currents of 1.5 and 7.6 pA in 2 neurons while in the remaining 3 inward currents of -3.5±0.9 pA were observed. These results suggest that compared to second-order neurons receiving peripheral chemoreceptor inputs, other NTS neurons have heterogeneous responses to tissue hypoxia that do not appear to be altered by chronic exposure to sustained hypoxia.
DISCUSSION
We have shown that hypoxia induces an outward current in NTS neurons receiving arterial chemoreceptor afferent inputs. This outward current is primarily mediated by potassium and exhibits sensitivity to known pharmacological modulators of neuronal K ATP channels. The hypoxia-induced current was attenuated in NTS neurons after exposure to CIH or CSH and was associated with a reduction in NTS levels of neuronal Responses to the KATP channel agonist diazoxide were examined in the absence of tissue hypoxia. Therefore, the fact that the diazoxide-induced outward current was less in the chronic sustained and intermittent hypoxic rats is consistent with our finding of reduced hypoxia-induced KATP currents and KATP receptor subunit levels in these models of hypoxia. In our opinion it reflects a general deficit in KATP channel function following chronic exposures to sustained and intermittent hypoxia, whether KATP channel function is gauged by neuronal responses to tissue hypoxia or diazoxide.
An additional novel finding is that after exposure to either CIH or CSH, there is downregulation of neuronal K ATP channels in second-order neurons of peripheral chemoreceptors in the NTS. Studies in heart and brain have shown that short-term hypoxia/ischemia have a pre-conditioning effect and enhance K ATP channel activity to provide additional protection from subsequent episodes of hypoxia/ischemia (8, 26, 33) .
However, there is little information about the effect of long-term hypoxia/ischemia on the function of K ATP channels (3, 12, 32) . Both electrophysiological and western blot analyses indicate that chronic exposures to either sustained or intermittent hypoxia are associated with reduced K ATP channel function in the NTS. This could be a crucial adaptive mechanism of the neurons in central peripheral chemoreflex pathways.
However, this neuroprotective mechanism could be deleterious to chemoreflex function.
While the activation of K ATP channels can reduce neuronal excitability, excessive activation of this channel can ultimately silence neurons (19). In addition, excessive activation of K ATP channels could increase extracellular potassium levels and intracellular potassium loss and eventually lead to neuronal apoptosis (34) . These factors could prove disadvantageous to the chemoreflex since it is necessary to maintain some degree of neuronal excitability in peripheral chemoreflex pathways to maintain chemoreflex function and attempt to supply oxygen to crucial organs. Reduced K ATP channel function could represent an adaptive mechanism to ensure the proper function of peripheral chemoreflexes during long-term exposures to hypoxia. Thus, when facing chronic exposure to hypoxia reduced K ATP channel function could provide a survival advantage to the organism that helps maintain the ability to respond to arterial chemoreceptor afferent inputs. However, this proposed survival advantage to the organism may ultimately prove disadvantageous to the neuron. Both sustained and intermittent hypoxia have been reported to induce apoptosis in PC-12 cultures (17).
The cellular mechanisms whereby chronic exposures to sustained and intermittent hypoxia induce down-regulation of neuronal K ATP channels are currently unknown. Our western blot analysis results suggest that the reduced K ATP current is due to changes in the expression of K ATP channel proteins, although changes in channel structure cannot be excluded. Alternatively, hypoxia-induced down-regulation of neuronal K ATP channels could be due to a direct post-synaptic effect of hypoxia as chronic hypoxia can alter ATP synthesis (12) . During hypoxia, anaerobic ATP production can be up-regulated to compensate for reduced mitochondrial oxidative phosphorylation. Therefore, increases in intracellular ATP could conceivably reduce the K ATP currents recorded in neurons from our chronic hypoxic rats. However, the function of K ATP channels is more dependent upon local ATP levels in the vicinity of the channels rather than the concentration of ATP in the bulk cytosolic solution (31) . Furthermore, our patch-recording pipette contained the same concentration of ATP in all experiments; therefore the intracellular level of ATP was likely similar in the cells we studied. It should be noticed that our pipette solution contained 2 mM Mg 2 ATP. The inclusion of ATP in pipette solution may inhibit the activation of K ATP channels. Normal intracellular ATP is thought to be in the mM range, so that K ATP channels are strongly inhibited under normal cellular conditions (25). The ability of diazoxide to bind to the K ATP channels also depends on the intracellular level of ATP. Diazoxide opens K ATP channels in the presence of 0.3 mM ATP, but is ineffective with 5 mM ATP (28) . These data suggest that the K ATP currents we have observed in NTS neurons are very likely underestimated. Under physiological conditions, we expect that these channels would have faster and larger responses to hypoxia.
Another potential mechanism that mediates chronic hypoxia-induced down-regulation of neuronal K ATP channels could be hypoxia-induced neurochemical changes. Extracellular adenosine levels increased in the NTS during hypoxia (16) . Adenosine has been shown to induce PKC-mediated down-regulation of neuronal K ATP channels mediated by receptor internalization (19). The precise mechanism(s) underlying our observation require further investigation.
We did not observe significant differences between CIH and CSH neurons in both electrophysiological responses and K ATP channel subunit levels. Because the activity of K ATP channels is minimal after chronic exposures to either sustained or intermittent hypoxia, it is likely that our protocols of CIH and CSH exposure have already induced maximal reduction of K ATP channels in the NTS, as strongly suggested by the western blotting results. However, it is unclear whether the down-regulation of K ATP channels in these two different chronic hypoxia exposure protocols develops in a similar pattern. We also do not know whether or how the down-regulation recovers after chronic exposures to hypoxia. This information is crucial to our understanding of neuronal adaptations to chronic exposures to sustained and intermittent hypoxia. 
PERSPECTIVES & SIGNIFICANCE
We found that long-term exposure to either intermittent or sustained hypoxia down- and CIH (n=4) rats compared with NORM rats (n=4). There was no significant difference between CSH and CIH rats. *: p<0.05, **: p<0.01, compared with NORM rats. 
